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Abstract
SARS-CoV-2 is the coronavirus causing the ongoing pandemic with > 460 millions of infections and > 6 millions of deaths. 
SARS-CoV-2 nucleocapsid (N) is the only structural protein which plays essential roles in almost all key steps of the viral 
life cycle with its diverse functions depending on liquid–liquid phase separation (LLPS) driven by interacting with various 
nucleic acids. The 419-residue N protein is highly conserved in all variants including delta and omicron, and composed of 
both folded N-/C-terminal domains (NTD/CTD) as well as three long intrinsically disordered regions (IDRs). Recent results 
have suggested that its CTD and IDRs are also cryptic nucleic acid–binding domains. In this context, any small molecules 
capable of interfering in its interaction with nucleic acids are anticipated to modulate its LLPS and associated functions. 
Indeed, ATP, the energy currency existing at very high concentrations (2–12 mM) in all living cells but absent in viruses, 
modulates LLPS of N protein, and consequently appears to be evolutionarily hijacked by SARS-CoV-2 to promote its life 
cycle. Hydroxychloroquine (HCQ) has been also shown to specifically bind NTD and CTD to inhibit their interactions with 
nucleic acids, as well as to disrupt LLPS. Particularly, the unique structure of the HCQ-CTD complex offers a promising 
strategy for further design of anti-SARS-CoV-2 drugs with better affinity and specificity. The finding may indicate that 
LLPS is indeed druggable by small molecules, thus opening up a promising direction for drug discovery/design by targeting 
LLPS in general.
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Liquid–liquid phase separation (LLPS) 
in the life cycle of SARS‑CoV‑2

Severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) caused the ongoing pandemic (Wu et al. 2020), 
which already led to > 460 millions of infections and > 6 
millions of deaths. SARS-CoV-2 is a member of a large 
family of positive-stranded RNA coronaviruses with ∼30 kb 
genomic RNA (gRNA) packaged by nucleocapsid (N) pro-
tein in a membrane-enveloped virion. SARS-CoV-2 contains 
four structural proteins: namely the spike (S) protein that 
recognizes the host cell receptors angiotensin–converting 

enzyme-2 (ACE2), membrane (M), membrane-associated 
envelope (E), and N proteins.

SARS-CoV-2 N protein is a 419-residue multifunctional 
protein whose sequences are highly conserved in all variants 
of concern (VOCs) including delta and omicron (Fig. 1a). 
It is composed of the folded N-terminal domain (NTD) and 
C-terminal domain (CTD) (Fig. 1b and 1c), as well as three 
long intrinsically disordered regions (IDRs) respectively 
over 1–43 with 6 Arg and 1 Lys, 174–247 with 8 Arg and 
1 Lys, 366–419 with 1 Arg and 9 Lys (Fig. 1d). Previous 
studies indicate that its NTD is an RNA-binding domain 
(RBD) functioning to bind a large assay of viral and host 
cell nucleic acids including RNA and DNA (Dinesh et al. 
2020), while CTD acts to dimerize/oligomerize for forming 
high-order structures (Zinzula et al. 2021). However, our 
recent NMR studies unveiled that CTD is a cryptic domain 
for binding nucleic acids with the affinity even higher than 
that of NTD in binding the 32-mer stem-loop II motif (S2m) 
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derived from SARS-CoV-2 gRNA (Fig. 1e) (Dang and Song 
2022).

Coronavirus N proteins have two major categories of 
functions: while their primary role is to assemble the gRNA 
to form the gRNA-Nprotein (vRNP) complex into the new 
virions at the final stage of the life cycle, they also appear 
to suppress the immune system of the host cell and to hijack 
cellular machineries to achieve the replication by forming 
stress granules (SGs) and localizing gRNA onto the repli-
case-transcriptase complexes (RTCs) (Carlson et al. 2020; 
Dang et al. 2021a, b, c; Dang and Song 2021, 2022; Iserman 
et al. 2020; Lu et al. 2021; Perdikari et al. 2020; Savastano 
et al. 2020; Cascarina and Ross 2022).

Very recently, liquid–liquid phase separation (LLPS), the 
emerging principle for commonly underlying the formation 
of the membrane-less organelles (MLOs) critical for cel-
lular physiology and pathology (Hyman et al. 2014; Patel 
et al. 2017; Shin and Brangwynne 2017; Kang et al. 2019a, 
b; Dang et al. 2021a), has been found to be the key mecha-
nism for the diverse functions of SARS-CoV-2 N protein 
(Carlson et al. 2020; Dang et al. 2021a, b, c; Iserman et al. 
2020; Lu et al. 2021; Perdikari et al. 2020; Savastano et al. 
2020; Cascarina and Ross 2022). Strikingly, the functions of 
N protein appear to be dependent on its binding to various 
nucleic acids of both specific and non-specific sequences. 

Indeed, LLPS of N protein appears to be mainly driven by 
its multivalent and dynamic interactions with nucleic acids, 
because the pure N protein with nucleic acids completely 
removed is largely lacking of the intrinsic capacity in LLPS 
(Carlson et al. 2020; Dang et al. 2021a, b, c).

As seen in Fig. 1d, although three long IDRs with a total 
of ~ 170 residues contain a number of Arg/Lys residues, they 
only have two Phe residues. Therefore, unlike the 512-resi-
due human FUS protein, which is rich in both Arg/Lys and 
aromatic residues particularly Tyr within its IDRs, and con-
sequently able to establish intermolecular π–π and π-cation 
interactions for driving LLPS even without needing the pres-
ence of nucleic acids (Kang et al. 2019a, b; Song 2021), for 
SARS-CoV-2 N protein, nucleic acids appear to be essen-
tial for driving LLPS by binding both NTD and CTD, as 
well as by providing aromatic rings to establish π–π or/and 
π-cation interactions with Arg/Lys residues within IDRs of 
N protein. In particular, although the exact mechanism still 
remains elusive, the package of the gRNA into the new viri-
ons requires the complex but precise interaction between 
gRNA and N protein, which must be extremely challeng-
ing for SARS-CoV-2 with such a large genome (~ 30 kb). 
As such, N protein needs to be highly conserved in SARS-
CoV-2 variants, because only the variants which have the 
N proteins correctly functional in binding various nucleic 

Fig. 1  SARS-CoV-2 nucleocapsid protein, ATP and HCQ. a 
Sequence alignment of N protein of variants of concern (VOCs) of 
SARS-CoV-2 according to WHO: https:// www. who. int/ en/ activ ities/ 
track ing- SARS- CoV-2- varia nts. b Domain organization of SARS-
CoV-2 N protein. c (I) Cartoon diagram of the dimeric N protein with 

three IDRs rich in Arg or Lys. Three-dimensional structures of NTD 
(II) and dimeric CTD (III). d Amino acid compositions of the full-
length N protein and three IDRs respectively. e Chemical structures 
of ATP and HCQ, as well as sequences of 32-mer stem-loop II motif 
(S2m) of SARS-CoV-1 (upper) and SARS-CoV-2 (lower)
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acids can survive and effectively spread in evolution. In 
this context, any small molecule capable of intervening in 
the interaction of N protein with nucleic acids is expected 
to modulate most, if not all, key steps of the life cycle of 
SARS-CoV-2, some of which may manifest the anti-SARS-
CoV-2 activity.

ATP is hijacked by SARS‑CoV‑2 to promote 
its life cycle

Mysteriously, ATP, the universal “biological fuel” for all 
living cells (Fig. 1e), has very high concentrations from 2 
to 12 mM depending on the types of cells (Patel et al. 2017; 
Kang et al. 2019a, b; Song 2021). By contrast, all viruses 
have no ability to generate ATP (Wessner 2010). Very unex-
pectedly, ATP has been recently shown to specifically bind a 

pocket on NTD of SARS-CoV-2 N protein (Fig. 2a), which 
is located within the conserved surface for binding various 
nucleic acids (Dinesh et al. 2020). Very recently, as shown in 
Fig. 2b, the dimeric CTD was also unveiled to own two bind-
ing pockets for ATP (Dang and Song 2022). Moreover, ATP 
is not only able to act as a bivalent binder to biphasically 
modulate LLPS of SARS-CoV-2 N protein in the absence 
of nucleic acids: namely induction at low and dissolution 
at high ATP concentrations, but also to monotonically dis-
solve LLPS induced by the presence of nucleic acids (Dang 
et al. 2021a, b, c; Dang and Song 2021). Mechanistically, 
the results suggest that ATP can compete with nucleic acids 
not only in binding the folded NTD/CTD but also Arg/Lys-
rich IDRs (Dang et al. 2021a, b, c; Song 2021; Dang and 
Song 2022).

Therefore, ATP appears to be evolutionarily hijacked by 
SARS-CoV-2 to facilitate its life cycle. Briefly, as illustrated 

Fig. 2  ATP and HCQ specifically bind NTD and CTD. a (I) Super-
imposition of HSQC spectra of NTD in the free state (blue) and in 
the presence of HCQ at 1:15 (NTD:HCQ) (red). The significantly 
perturbed residues are labeled. (II) Superimposition of the structures 
of the ATP-NTD and HCQ-NTD complexes with ATP and HCQ dis-
played in stick. (III) the structure of the HCQ-NTD complex with 
HCQ in stick and NTD in the electrostatic potential surface. b (I) 

Superimposition of HSQC spectra of CTD in the free state (blue) and 
in the presence of HCQ at 1:7.5 (CTD:HCQ) (red). The significantly-
perturbed residues are labeled. (II) Superimposition of the structures 
of the ATP-CTD and HCQ-CTD complexes with ATP and HCQ in 
stick. (III) the structure of the HCQ-CTD complex with HCQ in stick 
and CTD in the electrostatic potential surface
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in Fig. 3a, upon entry into the cell, SARS-CoV-2 will release 
its gRNA-Nprotein condensate. As at this stage, the ratio 
between ATP and Nprotein/gRNA condensate is very high, 
ATP thus serves to facilitate the uncoating of gRNA by dis-
solving the vRNP condensate. Later after the new copies of 
the viral RNA or/and N protein are synthesized by the host 
cell machinery, the ratio will become reduced. Consequently, 
ATP may even act to enhance LLPS of the viral gRNA and 
N protein together with the host cell replicases and related 
factors to form replicase-transcriptase complexes. Finally, 
once the synthesis of all viral components has been com-
pleted, the ratio between ATP and Nprotein/gRNA becomes 
further reduced, and consequently a large population of N 
protein molecules will become unbound with ATP. As such, 
the ATP-unbound NTD/CTD as well as IDRs of N protein 
will become available for recognizing and binding the spe-
cific sites of the viral gRNA to initiate the package of gRNA 
and N proteins to form new virions.

HCQ disrupts the interaction 
of SARS‑CoV‑2 N protein with nucleic acids 
and LLPS

Hydroxychloroquine (HCQ) (Fig. 1e) has been proposed for 
clinically combating the SARS-CoV-2 pandemic (Roldan 
et al. 2020; Satarker et al. 2020). Very recently, a clinical 
study in Singapore demonstrated that oral HCQ could indeed 
prevent the SARS-CoV-2 infection in the high transmis-
sion environments (Seet et al. 2921). On the other hand, 
the mechanisms for its anti-SARS-CoV-2 activity remain 
poorly understood and previously no viral protein has been 
experimentally identified to interact with HCQ. Indeed, all 
the actions of HCQ have been proposed to target the sites 
on the host cells including the interference in the endocytic 
pathway, blockade of sialic acid receptors, restriction of pH-
mediated S protein cleavage at the ACE2-binding site, and 
prevention of cytokine storm.

Fig. 3  HCQ disrupts LLPS of SARS-CoV-2  N protein induced by 
nucleic acid. a A scheme to illustrate the role of LLPS of SARS-
CoV-2 N protein in the viral cycle which is critically driven by the 
multivalent interaction with various nucleic acids but can be dis-
rupted by HCQ. In this context, ATP appears to be hijacked by 
SARS-CoV-2 to promote its life cycle including the initial uncoating 
of the gRNA-Nprotein condensate, subsequent localizing to forming 
replicase-transcriptase complex, and final package of gRNA and N 
protein. By contrast, HCQ appears to manifest the anti-SARS-CoV-2 
activity by disrupting the interaction of N protein with nucleic acids 

and LLPS at least at two key steps: formation of replicase-tran-
scriptase complexes, as well as final package of gRNA and N pro-
tein into new virions. b Turbidity (absorption at 600 nm) curves of 
N protein without and with the pre-existence of S2m at 1:0.75 upon 
addition of ATP and HCQ at different ratios. c Speculative model for 
LLPS of N protein induced by nucleic acids which can be dissolved 
by HCQ due to the displacement of nucleic acids from being bound 
with NTD/CTD of N protein. d The docking structure of the dimeric 
CTD in complex with HCQ and DiHCQ by covalently linking two 
individual HCQ molecules
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Very unexpectedly, our NMR study recently decrypted 
that HCQ could in fact specifically bind both NTD (I of 
Fig. 2a) and CTD (I of Fig. 2b) with dissociation constants 
(Kds) of 112.1 and 57.1 μM respectively, which conse-
quently inhibited the interactions of N protein with nucleic 
acids as well as dissolved its LLPS induced by nucleic acids 
(Dang and Song 2021; Song 2021). Moreover, with NMR-
derived constraints, the structures of the HCQ-NTD and 
HCQ-CTD complexes have been successfully constructed. 
In the complexes, while ATP and HCQ bind the pockets of 
NTD with an overlap over their aromatic rings (II and III 
of Fig. 2a), the distinctive pockets were identified on the 
dimeric CTD to respectively bind ATP and HCQ (II and III 
of Fig. 2b). Noticeably in the HCQ-CTD complex, two HCQ 
molecules are bound with two distinctive pockets but within 
a cleft on the same side of the dimeric CTD structure, and 
this binding appears to be mainly driven by the insertion of 
the aromatic ring of HCQ into the CTD pockets.

On the other hand, unlike ATP which acts as a bivalent 
binder capable of biphasically modulating LLPS of SARS-
CoV-2 N protein (Dang et al. 2021a, b, c), HCQ has no 
ability to induce LLPS of N protein in the absence of nucleic 
acids (Fig. 3b), indicating that HCQ cannot behave as a biva-
lent binder. Nevertheless, HCQ has the capacity much higher 
than that of ATP in dissolving LLPS of SARS-CoV-2 N pro-
tein induced by both specific and non-specific nucleic acids 
(Dang and Song 2021; Song 2021), which include 24-mer 
poly(dA) (A24) and S2m (Fig. 1d and Fig. 3b). Mechanisti-
cally, as illustrated by Fig. 3c, upon introduction of nucleic 
acids, SARS-CoV-2 N protein existing as homogenous solu-
tion (I of Fig. 3c) will undergoes LLPS into forming dynamic 
liquid droplets (II of Fig. 3c) by establishing dynamic and 
multivalent interactions between nucleic acids and NTD/
CTD as well as Arg/Lys residues within IDRs. In this con-
text, the ability of HCQ which is much stronger than that of 
ATP to displace nucleic acids from NTD/CTD appears to be 
sufficient to disrupt LLPS (III of Fig. 3c) because the bind-
ing affinities between nucleic acids and folded NTD/CTD 
are much higher than those between nucleic acids and Arg/
Lys residues within IDRs (Song 2021). This also indicates 
that the interaction of the folded NTD and CTD with nucleic 
acids is the major driving force for LLPS of SARS-CoV-2 N 
protein.

Therefore, in addition to acting on the multiple sites of 
the host cell as extensively proposed (Roldan et al. 2020; 
Satarker et al. 2020), HCQ can also manifest its anti-SARS-
CoV-2 activity by directly targeting SARS-CoV-2 N protein 
to at least block two key steps of the viral life cycle: the 
formation of the replicase-transcriptase complex and final 
package of gRNA and N protein (Fig. 3a). Intriguingly, HCQ 
was shown to inhibit the maturation of SARS-CoV-2 viri-
ons, which was previously proposed to result from the HCQ-
induced changes of host cell structures/conditions such as 

pH (Roldan et al. 2020; Satarker et al. 2020). Our newly 
discovered mechanism suggests that the capacity of HCQ 
to specifically inhibit the binding of N protein with nucleic 
acids and to disrupt LLPS may at least partly contribute to 
the inhibition of the maturation of SARS-CoV-2 virions.

Summary and outlook

Currently, great efforts have been directed to developing the 
spike-based vaccines to combat the pandemic. Nevertheless, 
challenges still remain to terminate the pandemic, which 
include rapidly emerging antibody-resistance variants such 
as omicron (Wang et al. 2021) and the potential adverse 
effects (Lei et al. 2021; Hoepel et al. 2021; Olofsson et al. 
2022). Therefore, small molecule drugs by directly targeting 
SARS-CoV-2 proteins are extremely valuable and urgently 
needed to finally terminate the pandemic.

Out of four SARS-CoV-2 structural proteins, N protein 
is the only one which plays the essential roles in almost all 
key steps of the viral life cycle. With our recent discovery 
(Dang and Song 2022), SARS-CoV-2 N protein has thus 
been established to be a multivalent nucleic acid–binding 
protein, whose folded NTD and CTD as well as Arg/Lys 
residues within IDRs are all capable of binding nucleic acids 
of the extreme diversity in types and sequences. Most impor-
tantly, almost all functions of N protein including LLPS 
appear to depend on its capacity in interacting with nucleic 
acids and as a result its sequences are highly conserved in all 
variants. In this context, SARS-CoV-2 N protein represents 
a top target for discovery/design of anti-SARS-CoV-2 drugs 
by disrupting its interaction with nucleic acids. Nevertheless, 
this task appeared to be very challenging as the interaction 
interfaces of N protein with nucleic acids are very large. 
Therefore, it is very unexpected to find that ATP, the univer-
sal energy currency in all living cells but absent in viruses, 
has the ability to generally compete with nucleic acids by 
binding various folded and intrinsically disordered nucleic 
acid–binding domains not only of human proteins such as 
FUS, TDP-34, and hnRNPA1 (Kang et al. 2019a, b; Kang 
et al. 2019a; Dang et al. 2021a, 2021b; Song 2021), but 
also SARS-CoV-2 N protein (Dang et al. 2021a, b, c; Dang 
and Song 2022). In the biological context, ATP appears to 
be emerging as a cellular factor which has been hijacked 
by SARS-CoV-2 in evolution to facilitate its life cycle. As 
all coronaviruses have the highly conserved N proteins and 
share the conserved life cycle mechanisms, likely ATP is 
also exploited by other coronaviruses to facilitate their life 
cycles.

On the other hand, despite its small size, HCQ, a safe 
drug recommended by WHO to treat other diseases (Roldan 
et al. 2020; Satarker et al. 2020), has been now shown to 
specifically bind NTD/CTD to inhibit the interactions of 
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SARS-CoV-2 N protein with nucleic acids as well as to dis-
solve LLPS. This finding not only provides an acting mecha-
nism for HCQ to manifest the anti-SARS-CoV-2 activity, but 
also unveils that the large interaction interfaces of SARS-
CoV-2 N protein with nucleic acids as well as the associated 
LLPS are in fact druggable by small molecules, thus sug-
gesting a promising strategy for further development of anti-
SARS-CoV-2 drugs. Furthermore, HCQ appears to be the 
first existing drug which has been found to target LLPS, thus 
bearing immediate implications for further design of drugs 
in general by modulating LLPS of other protein–nucleic acid 
systems, whose roles in underlying various human diseases 
are just starting to be recognized.

At the fundamental level, the core mechanisms of LLPS 
induced by nucleic acids appear to be highly conserved 
(Dang et al. 2021a, b, c; Kang et al. 2019a, b; Song 2021). 
Consequently, HCQ which acts to target LLPS of N pro-
teins is anticipated to be effective to most, if not all, variants 
of SARS-CoV-2. This may explain why African countries 
where HCQ is regularly in-taken to prevent malaria, have a 
low incidence of SARS-CoV-2 although they have very low 
vaccination rates (BBC news 2020). On the other hand, accu-
mulating evidence suggests that the nucleic acid–induced 
LLPS is not only critical for the life cycles of coronaviruses, 
but might be also essential for other virus host interactions. 
This might thus rationalize the puzzling observations that 
HCQ was not only effective for SARS-CoV-2 and SARS-
CoV-1, but also fot Dengue/Zika infections (Roldan et al. 
2020; Satarker et al. 2020).

The relatively low binding affinities of HCQ to NTD/CTD 
of SARS-CoV-2 N protein (Kd of 112.1 and 57.1 μM respec-
tively) rationalize the reports that HCQ is highly effective in 
preventing the infection as well as in treating the infection at 
the early stage (Roldan et al. 2020; Satarker et al. 2020; Seet 
et al. 2921). However, as shown in Fig. 2b, in the HCQ-CTD 
complex, two HCQ molecules utilize the aromatic rings to 
insert into the binding pockets within a cleft on the same 
side of the dimeric CTD structure. This unique HCQ-CTD 
structure might offer a promising strategy for further design 
of anti-SARS-CoV-2 drugs which are expected to own better 
affinity and specificity (Dang and Song 2021). Briefly, by 
engineering the proper groups to link the aromatic rings of 
two HCQ molecules, the bivalent or even multivalent binders 
(DiHCQ) might be obtained (Fig. 3d). For such molecules, 
their Kd values are the time of the Kd values of individual 
groups (Song and Ni 1998). Furthermore, the bivalent/mul-
tivalent binders might also have the high specificity because 
the probability should be extremely low for human proteins 
to own such unique two HCQ-binding pockets observed on 
the dimeric CTD structure.

Here, we further propose to integrate the combinatorial 
chemistry and biophysical methods including experimental 
such as NMR and computational such as MD simulations 

(Shi et al. 2011; Dang and Song, 2021; Dang et al. 2022) 
to facilitate the high through-put design of bivalent or even 
multivalent small molecules by starting from HCQ in order 
to obtain more efficient anti-SARS-CoV-2 drugs, which are 
capable of binding the dimeric CTD of SARS-CoV-2 N pro-
tein not only with its two aromatic rings, but also with its 
linker groups.
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